Introduction
============

The blood--brain barrier (BBB) is a tightly controlled semi-permeable barrier which prevents the paracellular passage for macromolecules and cells from the blood stream into the brain \[[@b1]\]. It consists primarily of capillary endothelial cells packed together by tight junctions (TJs), together with the adjoining astrocyte end-feet and pericytes. TJs are specialized membrane domains at the most apical region of epithelial and endothelial cells, involved in both prevention of solute and water leakage (barrier function) and maintenance of cellular polarity (fence function) \[[@b2]\]. In the brain of vertebrates there are two types of cells which are known to bear TJs or TJs-like structures: vascular endothelial cells and oligodendrocytes \[[@b3]\]. TJs networks are formed by integral membrane proteins, such as junctional associated membrane protein 1 \[[@b4]\], occludin \[[@b5]\] and the claudin (Cl) family \[[@b6]\]. Occludin and Cls bind to cytoplasmic peripheral membrane proteins, such as ZO-1, ZO-2 or ZO-3, which in turn are connected to the perijunctional actin filament network of the cytoskeleton \[[@b1]\].

Cls are a 20--28 kD multigene family of transmembrane proteins with different tissue distributions, which have an essential role in the formation of TJs strands, and appear to function as the primary seal of the TJs \[[@b7]\]. Among the Cls expressed by brain endothelial cells, Cl-5 is a critical determinant of BBB permeability \[[@b8]\]. Cl-5 is expressed in all tissues, being specifically localized to the endothelia of blood vessels and therefore TJs containing Cl-5 could regulate the permeability of distal vascular territories \[[@b9]\]. However, Cl-1 \[[@b10]\] and Cl-3 \[[@b11]\] were also shown to localize at the BBB level and their expression seems to be altered by various pathological processes. In addition, Cl-1, Cl-2 and Cl-5 are present in the choroid plexus where their expression is regulated by protein kinase C (PKC) \[[@b12]\]. It was suggested that Cls could function by homo- and hetero- oligomerization and a study which employed RNA interference showed that Cl-2, Cl-4 and Cl-7 are permeation operators for the Na^+^ and Cl^−^ ions. In contrast to other Cls, Cl-2 decreases the tightness of the TJ strands \[[@b13]\] by formation of cation-selective channels \[[@b14]\]. Cl-11 is expressed in TJs of myelin sheaths in brain and of Sertoli cells in testis \[[@b15]\] and it is known as well as oligodendrocyte-specific protein, because it represents a major component of central nervous system (CNS) myelin \[[@b16]\]. Along with other Cl family members, Cl-11 was also found in the epithelial cells of choroid plexus \[[@b17]\]. It was proposed that Cl-11 might be important for the formation and maintenance of myelin and for regulation of oligodendrocytes and Schwann cells proliferation \[[@b16]\].

Considering that the 'sealing' role of TJs is determined by the presence of Cls, the latter is presumably important in pathological situations that involve increased vessel permeability \[[@b18]\]. The integrity of the BBB is compromised in different disorders of the human CNS, most likely by injury or dysregulation of TJs \[[@b19]\]. One example where disruption of BBB is thought to play an important role in the pathophysiology is cerebral microangiopathy \[[@b20]\]. Patients with microangiopathy can present with either isolated or diffuse white matter changes that can ultimately lead to impairment of neuronal flow and cognitive decline, characteristic aspects for most of the dementia disorders \[[@b21]\]. There is mounting evidence that Alzheimer's disease (AD), the most common cause of dementia in the elderly, share vascular risk factors with vascular dementia (VaD), and at least a third of AD cases associates cerebrovascular small vessel disease \[[@b22]\]. In addition to cerebral amyloid angiopathy, AD subjects show profound changes in cerebral microvessels, often independent of amyloid deposition \[[@b23]\]. Moreover, β-amyloid peptide (1--42) might alter BBB integrity by effects on TJs protein complexes \[[@b24]\]. However, based on the current data, the role of TJs proteins is poorly understood in dementia disorders.

Beyond serving the BBB as gatekeepers, TJs proteins could have other physiological functions. Cls have a role in regulation of cell phenotype and growth control and Cl mutations are involved in several human diseases \[[@b25]\]. Furthermore, occludin is expressed at detectable levels in mouse cultures of neurons and astrocytes \[[@b26]\], which do not form TJs. Moreover, we found in a recent study that occludin is overexpressed in neurons and astrocytes of AD and VaD brains as compared to aged controls \[[@b27]\]. Based on the fact that occludin is a molecular partner of Cls in the TJs structure, in this study we aimed to comparatively investigate the expression of Cl-2, Cl-5 and Cl-11 in human brains of aged control cases, AD and VaD.

Material and methods
====================

Brain material
--------------

The brain material was obtained from the Huddinge Brain Bank, Stockholm, Sweden in accordance with Swedish law and the permission of the Karolinska University Hospital Ethical Committee. We chose to analyse the cerebral cortex (frontal, Brodmann area 46/9), where specific pathological changes are noted in both AD and VaD \[[@b28], [@b29]\].

The study was based on evaluation of five aging control, four AD and six VaD post-mortem human brains. The control group included the brains of traffic-accident patients or of patients who had no history of long-term illness or neuropsychiatric disorders. The AD group included brains from patients with clinically and pathologically confirmed AD. Clinical diagnosis was based on combined Diagnostic and Statistical Manual of Mental Disorders (DSM)-III-R \[[@b30]\] and National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria \[[@b31]\]. The definite neuropathological diagnosis of AD was determined by using Consortium to Establish a Registry for Alzheimer's disease (CERAD) and National Institute on Aging (NIA) -- Reagan Institute Criteria \[[@b32], [@b33]\]. The VaD group included brains from patients with clinical and pathological diagnosis of VaD. The VaD group consisted of two cases of single strategic stroke, three cases with dementia multiinfarct and one case with diffuse white matter changes. Age and sex of the cases are presented in [Table 1](#tbl1){ref-type="table"}.

###### 

Age and sex of cases analysed in each study group

  **Group**   **Age**   **Sex**
  ----------- --------- ---------
  Control     90        F
              88        F
              86        F
              56        M
              70        M
  AD          87        F
              86        M
              91        F
              72        F
  VaD         87        F
              86        F
              65        M
              72        M
              89        F
              77        F

Sectioning and histology
------------------------

Immunostaining with antibodies against Cl-2, Cl-5 and Cl-11 was performed on buffered formaldehyde-fixed embedded sections (long-fixation time sections were used). A series of thin sections (7 μm) were cut exhaustively in a randomly chosen sagital plane on the microtome. After the deparaffinization and rehydration procedures the sections were rinsed in distilled water for 5 min. and then heated at 80°C for 20 min in 0.1 M citrate buffer of pH 9. After cooling, the sections were incubated with the primary antibody solution overnight (approximately 16 hrs) at 4°C. The primary antibodies were rabbit polyclonals against Cl-2 (dilution 1:50), Cl-5 (dilution 1:100) or Cl-11 (dilution 1:200) and were purchased from Zymed Laboratories, Inc. (South San Francisco, CA, USA). These primary antibodies were tested in Western blots analysis of rat brain homogenates and no unspecific binding was noted. Thereafter, the sections were treated with a biotinylated secondary antibody (1:300, Vector Laboratories, Burlingame, CA, USA) and with the avidin--biotin-peroxidase complex kit (Vector) with 3,3′-diaminobenzidine-4HCl/H2O2 (DAB, Sigma, St. Louis, MO, USA) as a substrate. Next, the sections were counterstained with haematoxylin--eosin stain for background. Two types of negative controls slides were run for all the sections. The negative controls were run in an identical manner except the incubation with the primary antibody. For the first set of negative controls we omitted the primary antibody, whereas for the second set we added instead of the primary antibody an unspecific immunoglobulin serum at the same concentration. The sections were then mounted and examined under a Nikon microscope.

Quantification of Cl-expressing brain cells
-------------------------------------------

To estimate the number of Cl-expressing neurons, astrocytes and oligodendrocytes we applied two-dimension quantification with random systematic sampling and the unbiased optical fractionator method \[[@b34]\], similar to a previous study \[[@b35]\]. In brief, the area of interest was delineated in low magnification (×2.5) using the cursor. Due to the clear anatomical borders, we were able to distinguish the grey matter from the white matter. A meander sampling function of the GRID v2.0 program (Olympus, A/S, Bellarup, Denmark) was used for stepping through the delineated region with a chosen counting frame. Then, a 100× oil-immersion objective with a numerical aperture of 1.40 was moved into place and the appropriate counting frame superimposed on the screen. The desired horizontal and vertical step lengths, assisted by a highly precise servo-controlled motorized microscopy stage, were dimensioned for the appropriate distance (231.22 μm \[*x*-step\]× 231.22 μm \[*y*-step\]) in between the counting frames (1603.9 μm^2^). The cells in the space were counted by an optical dissector probe (*z*-axis). The optical dissector uses the simple rule that a cell is counted if its body cell is in the counter-frame. This procedure ensured the selection of a systematic random sample of sections. The number of cells was expressed as a number per squared millimetre. The neurons could be easily distinguished from the other types of cells due to the presence of the round nucleus with visible cytoplasm and a single large nucleolus, no heterochromatin. Oligodendrocytes were identified by smaller round or oval dark nuclei with dense chromatin, and they are usually close to the neurons. The astrocytes were recognized as multipolar cells with bigger, paler and less densely packed heterochromatin, without a clear nucleolus and showing a patchy pattern of granules in a rim bellow the nuclear membrane.

Statistical analysis
--------------------

All statistical analyses of the results were performed using Statistica 8.0 software (Statsoft, Tulsa, OK, USA). The neuronal, astrocyte or oligodendrocyte ratio was defined as (number of Cl-expressing cells / total number of cells of respective type) × 100. Differences within individual cell type were analysed by two-way factorial ANOVA, followed by Fisher's LSD *post hoc* test. For all tests, the significance threshold was set to 0.05. All results are given as mean ± standard deviation (S.D.).

Results
=======

Expression of claudins in neurons
---------------------------------

Our first observation was that selected neurons, in the frontal cortex from aged controls expressed Cl-2, Cl-5 and Cl-11 in detectable amounts ([Fig. 1](#fig01){ref-type="fig"}). Expression of Cl-2, Cl-5 and Cl-11 was increased in neurons from frontal cortex of AD and VaD brains as compared to control brains ([Table 2](#tbl2){ref-type="table"} and [Fig. 1](#fig01){ref-type="fig"}). The neurons which expressed Cls were in all cases predominantly pyramidal. The neuronal fibres were also stained more intensely in AD and VaD as compared to control ([Fig. 1](#fig01){ref-type="fig"}).

![Expression of Cl-2, Cl-5 and Cl-11 in control (CON), AD and VaD brains, in the frontal cortex, Brodmann area 46/9. Cl-expressing cells are brownish, as a result of the immunohistochemical staining method with anti-Cl sera detected with avidin--biotin-peroxidase complex kit and DAB substrate. Expression of Cl-2, Cl-5 and Cl-11 was increased in neurons and neuronal fibres in AD and VaD brains, as compared to control brains. Expression of Cls was noticed mainly in the pyramidal neurons in CON, AD and VaD. Arrows are indicating Cl-expressing neurons. Bars: 30 μm.](jcmm0014-1088-f1){#fig01}

###### 

Quantification of total number of neurons and Cl-expressing neurons (positive neurons) in the frontal cortex region in control (CON, five cases), AD (four cases) and VaD (six cases) groups. All values were truncated to two decimals. S.D. = standard deviation

  Group   Total number of neurons   Number of positive neurons                                                                       
  ------- ------------------------- ---------------------------- ------- ------ ------- ------ ------- ------ ------- ------ ------- ------
  CON     33.47                     4.79                         31.33   4.82   32.53   5.78   2.47    0.73   3.20    4.56   7.80    2.64
  AD      32.17                     3.87                         33.58   2.20   32.58   0.32   17.42   2.63   13.33   0.98   23.33   3.02
  VaD     27.00                     4.49                         27.83   3.13   28.44   2.93   10.44   3.12   7.39    1.48   19.44   2.93

Subsequently, we used a quantitative approach in order to estimate the number of Cl-expressing neurons in control, AD and VaD groups. [Table 2](#tbl2){ref-type="table"} presents comparatively the quantitative data of neurons/mm^2^ and Cl-2, Cl-5 and Cl-11^+^ neurons/mm^2^ in control, AD and VaD groups, respectively. The number of neurons did not significantly differ between the groups analysed. The area chosen for counting was similar in all cases (with around 100 counting frames/area) and there was no significant difference in the density (number of neurons/area) between the cases analysed. Qualitatively, we found no areas with marked heterogeneity in distribution of Cls. The ratios of Cl-2, Cl-5 and Cl-11-expressing neurons were significantly higher in the AD group (54.02 ± 1.77, *P* \< 0.05, 39.82 ± 3.75, *P* \< 0.05 and 71.62 ± 9.19, *P* \< 0.05, respectively) and in the VaD group (38.07 ± 6.97, *P* \< 0.05, 26.56 ± 4.44, *P* \< 0.05 and 68.34 ± 7.19, *P* \< 0.05, respectively) as compared to the control group (7.30 ± 1.36, 9.62 ± 13.08 and 23.77 ± 5.00, respectively), as shown in [Fig. 2](#fig02){ref-type="fig"}. The ratio of Cl-2-expressing neurons was significantly higher in the AD group as compared to the VaD group (*P* \< 0.05). The ratios of Cl-5 and Cl-11-expressing neurons did not differ significantly between AD and VaD groups.

![Ratios of Cl-2, Cl-5 and Cl-11-expressing cells in control, AD and VaD brains, in the frontal cortex, Brodmann area 46/9. The neuronal, astrocyte or oligodendrocyte ratio was defined as (number of Cl-expressing cells / total number of cells) × 100. To compare the cell ratio between controls, AD and VaD (two by two) factorial ANOVA has been used, followed by the Fisher's LSD *post hoc* test. Error bars mark the S.D.](jcmm0014-1088-f2){#fig02}

Expression of claudins in oligodendrocytes
------------------------------------------

Further on, we evaluated the expression of Cl-2, Cl-5 and Cl-11 in oligodendrocytes in the frontal region of aged control, AD and VaD brains. In the grey matter of the frontal cortex, selected oligodendroglial cells expressed Cl-2, Cl-5 and Cl-11 in all AD, VaD and control brains ([Fig. 3](#fig03){ref-type="fig"}). In order to estimate the number of Cl-expressing oligodendrocytes in control, AD and VaD groups we used the same quantitative approach as described for the neurons. [Table 3](#tbl3){ref-type="table"} presents comparatively the quantitative data of oligodendrocytes/mm^2^ and Cl-2, Cl-5 and Cl-11^+^ oligodendrocytes/mm^2^ in control, AD and VaD groups, respectively. As shown in [Fig. 2](#fig02){ref-type="fig"}, the ratio of Cl-2-expressing oligodendrocytes was significantly higher in the VaD group (17.61 ± 11.01, *P* \< 0.05), but not in the AD group (12.77 ± 0.71), as compared to the control group (7.74 ± 8.16). The ratio of Cl-5-expressing oligodendrocytes did not significantly differ in the AD (16.75 ± 20.08) and VaD (2.03 ± 3.17) groups as compared to the control group (6.80 ± 15.21). However, the ratio of Cl-5-expressing oligodendrocytes was significantly lower in VaD group as compared to the AD group (*P* \< 0.05). The ratio of Cl-11-expressing oligodendrocytes was significantly higher in the AD group (45.32 ± 6.21, *P* \< 0.05), but not in the VaD group (22.18 ± 6.91), as compared to the control group (17.62 ± 11.18). Similar to Cl-5 ratios, the ratio of Cl-11-expressing oligodendrocytes was significantly lower in VaD group as compared to the AD group (*P* \< 0.05).

![Expression of Cl-2, Cl-5 and Cl-11 in oligodendrocytes in control (CON), AD and VaD brains, in the frontal cortex, Brodmann area 46/9. Cl-expressing cells are brownish, as a result of the immunohistochemical staining method with anti-Cl sera detected with avidin--biotin-peroxidase complex kit and DAB substrate. Oligodendrocytes are indicated by arrows. Bars: 5 μm.](jcmm0014-1088-f3){#fig03}

###### 

Quantification of total number of oligodendrocytes and Cl-expressing oligodendrocytes (positive oligodendrocytes) in the frontal cortex region in control (CON, five cases), AD (four cases) and VaD (six cases) groups. All values were truncated to two decimals. S.D. = standard deviation

  Group   Total number of oligodendrocytes   Number of positive oligodendrocytes                                                                     
  ------- ---------------------------------- ------------------------------------- ------- ------ ------- ------ ------ ------ ------ ------ ------- ------
  CON     53.47                              4.27                                  54.47   5.29   57.60   5.58   4.27   4.65   3.40   7.60   10.13   6.38
  AD      57.25                              4.72                                  46.50   1.91   53.50   7.10   7.33   0.98   7.75   9.29   23.92   1.97
  VaD     43.78                              5.29                                  39.44   1.99   47.44   5.62   7.78   4.96   0.78   1.22   10.67   3.92

Expression of claudins in astrocytes
------------------------------------

For evaluation of Cl expression in astrocytes we followed the same procedure as for neurons and oligodendrocytes. In the frontal cortex examined, we found astrocytes expressing Cl-2, Cl-5 and Cl-11 in all AD, VaD and control brains ([Fig. 4](#fig04){ref-type="fig"}). [Table 4](#tbl4){ref-type="table"} presents comparatively the quantitative data of astrocytes/mm^2^ and Cl-2, Cl-5 and Cl-11^+^ astrocytes/mm^2^ in control, AD and VaD groups, respectively. As [Fig. 2](#fig02){ref-type="fig"} shows, the ratios of Cl-2 and Cl-11-expressing astrocytes were significantly higher in the AD group (52.47 ± 1.67, *P* \< 0.05 and 50.79 ± 6.76, *P* \< 0.05) and in the VaD group (37.75 ± 6.86, *P* \< 0.05 and 49.73 ± 14.36, *P* \< 0.05) as compared to the control group (10.51 ± 14.45 and 22.00 ± 14.43). Similar to the result obtained for oligodendrocytes, the ratio of Cl-5-expressing astrocytes did not significantly differ in the AD (23.74 ± 16.01) and VaD (5.28 ± 8.22) groups as compared to the control group (12.08 ± 27.01). Again as for the oligodendrocytes, the ratio of Cl-5-expressing astrocytes was significantly lower in VaD group as compared to the AD group (*P* \< 0.05).

![Expression of Cl-2, Cl-5 and Cl-11 in astrocytes in control (CON), AD and VaD brains, in the frontal cortex, Brodmann area 46/9. Cl-expressing cells are brownish, as a result of the immunohistochemical staining method with anti-Cl sera detected with avidin--biotin-peroxidase complex kit and DAB substrate. Astrocytes are indicated by arrows. Bars: 5 μm.](jcmm0014-1088-f4){#fig04}

###### 

Quantification of total number of astrocytes and Cl-expressing astrocytes (positive astrocytes) in the frontal cortex region in control (CON, five cases), AD (four cases) and VaD (six cases) groups. All values were truncated to two decimals. S.D. = standard deviation

  Group   Total number of astrocytes   Number of positive astrocytes                                                                      
  ------- ---------------------------- ------------------------------- ------- ------ ------- ------ ------- ------ ------ ------ ------- ------
  CON     35.40                        2.77                            37.53   8.17   38.47   2.29   3.67    5.16   4.07   9.09   8.40    5.47
  AD      33.92                        3.06                            40.17   4.85   43.33   6.02   17.83   2.13   9.75   7.28   21.83   2.74
  VaD     31.00                        4.27                            34.83   1.44   35.61   4.06   11.50   1.07   1.89   2.93   17.78   5.63

Expression of claudins in cerebral vessels
------------------------------------------

At the level of brain microvasculature in AD, VaD and control brains we observed that expression of Cls localized selectively in some of the endothelial cells or in the media layer ([Fig. 5](#fig05){ref-type="fig"}). The level of expression of Cl-2, Cl-5 and Cl-11 was variable from one vessel to another in all cases studied and no evident qualitative difference between AD, VaD and aged control groups was observed.

![Expression of Cl-2, Cl-5 and Cl-11 in brain microvessels in control (CON), AD and VaD brains, in the frontal cortex, Brodmann area 46/9. Cl-expressing cells are brownish, as a result of the immunohistochemical staining method with anti-Cl sera detected with avidin--biotin-peroxidase complex kit and DAB substrate. Endothelial cells expressing Cl-2, Cl-5 or Cl-11 are indicated by arrows. Bars: 5 μm.](jcmm0014-1088-f5){#fig05}

Discussion
==========

To our knowledge, this is the first report on different Cl isoforms being expressed in the human brain, not only by endothelial cells and oligodendrocytes, but also by astrocytes and neurons. From the Cl family of proteins, Cl-1 \[[@b10]\], Cl-3 \[[@b11]\] and Cl-5 \[[@b8]\] are known to localize to the brain endothelial cells. In addition to Cl-5, we found Cl-2 and Cl-11 to be expressed by endothelial cells in aged controls, as well as in AD and VaD brains. We were able to identify microvessels in the frontal cortex expressing Cl-2, Cl-5 or Cl-11 in various amounts in all brains investigated. We noted no qualitative difference in the distribution or amount of expression of these proteins in vessels between AD, VaD and aged control brains. However, we found significant changes in the expression pattern of Cls which differentiate the AD and VaD from control brains. Thus, Cl-2 or Cl-5 is expressed by approximately one tenth and Cl-11 by one fourth of cortical frontal neurons in aged control brains, cells which have not been previously known to form TJs. In AD and VaD brains two to eight times more neurons in the frontal cortex expressed these Cl isoforms in detectable amounts. These Cl-expressing neurons were mainly of pyramidal type, which are involved in cognition and are typically affected by AD pathology. Importantly, while Cl-5 and Cl-11 are known to strengthen the TJs and to increase the transendothelial resistance \[[@b41]\], Cl-2 induces a leaky strand type \[[@b13]\]. Therefore, the permeability of the BBB is presumably decided by a complex interplay of differential Cl isoform regulation, suggesting that increased Cl expression might be a part of the cellular response to stress.

Cls are expressed in a tissue-dependent manner and more than two different Cl isoforms are typically found in the most cell types, conceivably influencing the TJs barrier function properties \[[@b36]\]. Expression of Cls in endothelial cells seems to be regulated by both blood stream generated factors, and signals derived from astrocytes and pericytes \[[@b37]--[@b39]\]. However, regulation of Cls expression might be operated by different signalling systems in different cell types. Ageing itself decreases expression of Cls and occludin at the level of brain microvessels, altering the BBB permeability \[[@b40]\]. Disruption of BBB is now increasingly documented in ageing, vascular and degenerative diseases and this disruption might contribute to the progression of the pathology \[[@b1]\].

Alteration of the brain microvessels is common to both AD and VaD \[[@b42]\] and chronic brain hypoperfusion as well \[[@b43]\]. A recent report demonstrated that in rats exposed to cerebral hypoperfusion, an up-regulation of Cl-3, which accompanies the BBB breakdown, occurs in endothelial cells \[[@b44]\]. The profile of Cl isoforms expression can be changed by a reduced blood flow not only in the brain, but in other organs as well, such as kidney, where levels of Cl-7 have been found increased in an aging kidney rat model \[[@b45]\]. Ischemia and hypoxia are able to trigger a multitude of cellular responses, including changes in gene expression \[[@b46]\]. Our findings of increased level of Cls in neurons and, to some extent, in glial cells as well, might be explained by hypoxia-induced gene regulation. Moreover, as recently suggested for occludin, the increased levels of Cls found in dementia brains might reflect an autophagy of the TJ proteins by neighbouring cells after the BBB breakdown triggered by chronic hypoxia \[[@b47]\].

Several studies indicated a disturbance of function of the hypothalamic--pituitary--adrenocortical (HPA) axis in both AD and VaD, with increased plasma and urinary cortisol levels, as compared to aged controls \[[@b48], [@b49]\]. Besides increasing the amyloid-β and τ pathology, at least in an AD mouse model \[[@b50]\] and triggering neuronal cell death \[[@b51]\], glucocorticoids (GC) have been shown to up-regulate expression of Cl-5 in murine brain \[[@b52]\] and of other Cl isoforms in cultures from Atlantic Salmon gill \[[@b53]\]. Therefore, our findings of increased expression of different Cl isoforms in AD and VaD brains might be explained by the effect of an improper HPA axis functioning. Moreover, the different profile of Cl isoforms expression in different cell types could be explained by a recent hypothesis on the combined effect of GC and brain ageing, which states that ageing selectively increases GC efficacy in neurons while decreasing GC efficacy in glial cells, by an age-related phenotype change \[[@b54]\]. A GC-related susceptibility for AD, based on a genetic variation in the GC system, has been reported as well \[[@b55]\].

We found that expression of Cl-5 is significantly increased in neurons, but not in oligodendrocytes and astrocytes, in AD and VaD brains as compared to aged control brains. Based on experiments in endothelial cell cultures it has been suggested that β-amyloid does not influence directly the expression of Cl-5 \[[@b56]\]. One recent study \[[@b39]\] reported that Cl-5 and occludin are down-regulated by vascular endothelial growth factor (VEGF)-A, released by astrocytes. VEGF-A signalling is known to be involved as well in the ischemic preconditioning of neurons, by activation of cAMP response element-binding protein pathway \[[@b57]\] and in neuroprotection against excitotoxicity \[[@b58]\]. Therefore, a decrease in VEGF-A availability could explain both the increased Cl-5 expression in neurons in AD and VaD found in this study and the increase in occludin expression, reported before \[[@b27]\]. Furthermore, diminished VEGF activity in brain microvessels was found in areas of AD brains with pathological hallmarks of the disease \[[@b59]\] and VEGF is significantly decreased in serum of AD patients \[[@b60]\].

Transforming growth factor (TGF)-β is a member of a family of dimeric polypeptide growth factors involved in cellular differentiation, proliferation, anti-inflammatory signalling, reparative and neuroprotective functions. Increased levels of TGF-β seem to enhance the AD pathology and an experimental blockade of TGF-β-Smad 2/3 signalling in an AD transgenic mouse model resulted in a 90% clearance of β-amyloid brain deposits \[[@b61]\]. TGF-β is elevated in plasma \[[@b62]\] and in CSF \[[@b63]\] of AD and VaD patients and its expression is induced following cerebral ischemia with neuroprotective consequences \[[@b64]\]. In addition, TGF-β had been found to induce expression of Cl-2 and occludin through activation of ERK/MAPK signalling \[[@b65]\]. Therefore, our finding of increased Cl-2 expression in AD and VaD brains, in both neurons and astrocytes, is in the line with the above mentioned studies and might be an effect of TGF-β increased signalling. Interestingly enough, the decrease of neuronal TGF-β signalling in a mouse AD model resulted in neurodegeneration, β-amyloid accumulation and dendritic loss, which suggests that the increased TGF-β level found in dementia patients is part of an endogenous protective response. Consequently, it is possible that overexpression of Cls in brain cells in AD and VaD to be a downstream result, at the phenotype level, of this protective response. However, a limitation of our study remains the low number of brains analysed and therefore confirmation of these mechanisms in cell culture systems or animal models would be important.

Similar to TGF-β, the level of basic fibroblast growth factor-2 (FGF-2) is markedly elevated in AD brains \[[@b66]\] and, on the other hand, in cortical organotypic slice cultures of mice, FGF-2 had been shown to stimulate expression of Cl-5 and Cl-3 and to con serve the integrity of TJs \[[@b67]\]. Therefore, the high FGF levels might trigger as well an increase in Cls expression, with a possible protective role.

PKC is a potent modulator of the non-amyloidogenic pathway of the amyloid precursor protein (APP) processing, being involved as well in synaptic remodelling and induction of protein synthesis. PKC levels are significantly decreased in AD and VaD brains \[[@b68]\]. PKC activation had been reported to down-regulate Cl-2 \[[@b12], [@b69]\] and to phosphorylate and down-regulate Cl-5, with subsequent alteration of TJs properties \[[@b12], [@b70]\]. Therefore, the general reduction in PKC activity found in dementia brains could account for the increased levels of Cls found in our study. Moreover, phospholipase D (PLD) expression and activity are up-regulated in AD brains \[[@b71]\]. Phosphatidic acid (PA), a product of PLD, and lysophosphatidic acid (LPA) have been found significantly increased in AD brains as well \[[@b72], [@b73]\]. PLD and its end-products seem to have multiple links to AD pathogenesis. Although PLD1 colocalizes and interacts with APP \[[@b71]\] and promotes the trafficking and cell surface accumulation of presenilin 1/γ secretase complex \[[@b74]\], PLD 2 has been reported to regulate endothelial barrier permeability through cytoskeleton reorganization and occludin down-regulation, in cell culture experiments \[[@b75]\]. LPA, which in contrast to PA \[[@b76]\] has a pro-apoptotic effect on neurons \[[@b77]\], is able to increase the permeability of TJs without triggering a relocalization of TJs-associated proteins. All these PLD pathway effects might participate to alteration of BBB properties in AD patients. However, no studies explored the effect of PLD on expression of Cls in neurons or glial cells.

Cl-11 was classically known to be localized to TJs of myelin sheaths in brain and of Sertoli cells in testis \[[@b9]\]. The expression of Cl-11 in endothelial cells was recently reported in human corpum cavernosum \[[@b78]\]. In line with this study, we report here, presumably for the first time, expression of Cl-11 in human brain endothelial cells. Moreover, we found that Cl-11 is expressed by a large population of neurons, oligodendrocytes and astrocytes in ageing controls and significantly by more of these cells in AD and VaD brains. Both estrogens and testosterone have neuroprotective roles against AD-related insults, being also able to reduce β-amyloid accumulation \[[@b79]\]. Meanwhile, testosterone has been also reported to be an important operator of Cl-11 gene expression, physiological concentrations increasing the amount of Cl-11 mRNA two- to threefold within 3 days in rat Sertoli cells *in vitro*\[[@b80]\]. However the same study demonstrated that estradiol had no effect on Cl-11 expression. Serum androgen levels are not different in male aged controls and AD patients \[[@b81]\] and we found no difference in Cl-11 expression between male and female brains. In addition, Kaitu'u-Lino *et al.* demonstrated that gonadotropins stimulate Cl-11 expression as well and follicle stimulating hormone (FSH) and luteinizing hormone (LH) serum levels have been found significantly increased in patients with dementia \[[@b82]\]. LH is also involved in regulation of presenilin 1 and 2 genes \[[@b83]\], which are the responsible for amyloid processing \[[@b84]\]. LH and FSH could be important players in the pathogenesis of dementia, since their receptors follow a regional pattern of the neuronal populations affected in AD \[[@b85]\] and could operate as well the increased expression of Cl-11 in dementia brains reported in our study.

In conclusion we describe, to our knowledge for the first time, the pattern of expression of Cl-2, Cl-5 and Cl-11 in neurons, astrocytes, oligodendrocytes and microvessels in human brains. In both AD and VaD, significantly more neurons in the frontal cortex express all Cl isoforms examined as compared to controls. More astrocytes in both AD and VaD brains express Cl-2 and Cl-11 as compared to aged control brains. More oligodendrocytes express Cl-11 in AD and Cl-2 in VaD as compared to controls. This complex up-regulation of expression of different Cl isoforms in demented brains might be a result of an endogenous protective response. Our findings could be important to elucidate new pathogenic pathways in dementia disorders and to add new functions to the heterogeneous Cl family of proteins.
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